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Abstract—We propose a model, for the first time, to quan-
titatively estimate the intercore spontaneous Raman scattering
(ICSRS) in multicore fiber (MCF) based on the characterization
of intercore crosstalk (ICXT). Also, we show the propertis
of ICSRS through numerical simulations. Then the impact of
ICSRS on quantum key distribution (QKD) is evaluated. It is
revealed that both the forward-ICSRS and backward-ICSRS
will reduce the maximum transmisson distance and the forward-
ICSRS will reduce more. However, over the range of metropolitan
area networks, quantum signals are affected only when the
powers of classical signals are very high in dense wavelength
division multiplexing system. Finally, the spontaneous Raman
scattering (SRS) generated in single core fiber and the ICSRS
generated in MCF are compared. The power variety trend with
the transmission distance of SRS is similar to that of ICSRS,
though there are subtle differences.
Index Terms—quantum key distribution, multicore fiber, inter-
core spontaneous Raman scattering.
I. INTRODUCTION
QUANTUM key distribution (QKD) allows remote partiesto generate secure keys based on the laws of quantum
physics [1], [2]. It enables information-theoretic communi-
cation security and could revolutionize the way in which
information exchange is protected in the future [3]. In the
last few decades, many efforts have been made to improve
the communication range and secure key rate (SKR) of QKD.
Also, lots of progresses have been achieved, such as, the trans-
mission distance of measurement-device-independent QKD in
an ultra-low-loss fiber can be as long as 404 km [4], and high-
speed QKD systems with Mbps SKR have been achieved [5],
[6].
Another trend of practical application of QKD is to integrate
it with the classical optical communication. The first scheme
of simultaneously transmitting QKD with classical signals
was introduced by Townsend in 1997 [7]. The O-band (1260
nm1360 nm) was chosen for the quantum channel to reduce
impairment from the classical channels [7], [8], [9], which are
usually located at C-band (1530 nm1565 nm). However, the
O-band introduces more losses to the faint quantum signal than
the C-band. Subsequently, C-band is used to transmit quantum
signal in many schemes [10], [11]. In recent years, QKD is
multipelxed with terabit classical data and transmitted over
long distances [12]. Also, QKD is integrated with 3.6 Tbps
classical data in a commercial backbone network in 2018 [13].
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QKD is integrated with classical signals in single-mode
single-core fiber in the above schemes. The biggest challenge
for the integration is the spontaneous Raman scattering (SRS)
genarated by classical signal [10], [14]. The spontaneous
process converts photons from classical channel into a broad
band of wavelengths. It leads to a significant wavelength shift
of about 200 nm. Also, the power of the SRS is large enough
to affect QKD which makes it the main impairment source to
the QKD. Many methods have been proposed to relieve the
impact of SRS on QKD, such as spectral-filtering [15], [16],
temporal-filtering [17] and wavelength assignment [18], [19].
Optical networks play an increasingly important role in our
lives [20] and the data traffic demand in access and backbone
networks has been increased exponentially [21]. However, the
capacity of existing standard single-core single-mode fiber
may no longer satisfy the growing capacity demand and is
approaching its fundamental limit around 100 Tbps owing
to the limitation of amplifier bandwidth, nonlinear noise, and
fiber fuse phenomenon [22]. In order to further increase the
fiber capacity, space division multiplexing has been proposed
and attracted intensive research efforts as a method to solve the
capacity saturation of conventional single-mode single-core
fiber [23], [24]. Multi-core fiber (MCF) which incorporates
multiple separate cores in a single fiber is an effective approach
to realize space division multiplexing [25].
Several schemes have been proposed to integrate QKD and
classical signals in MCF [26], [27], [28], [29], [30]. The
SRS is studied in [26] and [27] experimentally. SRS effect
in MCF includes SRS which is generated in the same core by
classical signal and intercore SRS (ICSRS) which is generated
in another core by classical signal. In [26], authors demonstrate
that QKD can coexist with classical signals in their 53-
km 7-core MCF in the presence of ICSRS, while showing
negligible degradation in performance. Based on experimental
values, they perform simulations highlighting that classical
data bandwidths beyond 1 Tbps can be supported with QKD
in their MCF. In [27], the ICSRS and SRS in trench assisted
MCF and un-trenched MCF are experimentally measured.
However, no accurate mathematic model has been proposed
to evaluate the magnitude of ICSRS and the impact of ICSRS
on QKD in MCF. To this end, an analytical expression of
the ICSRS, including forward-ICSRS and backward-ICSRS,
is derived for the first time. This mathematic model is based
on the effect of intercore crosstalk (ICXT) in MCF. Then
the properties of ICSRS are analyzed through numerical
simulations. It is revealed that both the power of forward-
ICSRS and that of backward-ICSRS are dependent on the
power coupling coefficient between adjacent cores. The power
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Fig. 1. Q Tr: QKD tranceiver; C Tr: classical communication tranceiver;
DWDM: dense wavelength division multiplexing module; MCF: multicore
fiber.
of the forward-ICSRS reaches a maximum value with the
transmission distance and then it starts to decline, while
that of the backward-ICSRS saturates and does not decrease
with distance. Then the impact of ICSRS on QKD is evalu-
ated. It shows that both forward-ICSRS and backward-ICSRS
will reduce the maximum transmission distance of QKD
and backward-ICSRS will reduce more. Over the range of
metropolitan area networks, the quantum signal is affected
by ICSRS only when the power of source classical signal is
very high in dense wavelength division multiplexing system.
Finally, the SRS generated in single core fiber and the ICSRS
generated in MCF are compared. The power variety trend with
the transmission distance of SRS is similar to that of ICSRS,
though there are subtle differences.
II. SCENARIO FOR INTEGRATING QKD WITH CLASSICAL
SIGNALS IN MCF
Fig. 1 shows the application scenario that will be considered
in this paper. Classical signals and quantum signals are multi-
plxed together in one MCF. Each core of the MCF transmits
only quantum signals or classical signals. The transmission
direction of quantum signals and classical signals is arbitrary.
Under this core assignment scheme, ICXT generated by clas-
sical signals is the the main impairment to QKD. ICXT is
the power coupling between different cores and its power is
mainly concentrate on the spectral peak around the frequency
of the source signal. The power of the ICXT (typically -30-
-60 dBm) usually higher than that of quantum signal (typically
lower than -80 dBm). Thus the frequencies in occupation
of classical signals can not be used for quantum signals.
Therefore, in this paper, quantum signals and classical signals
are assigned in different wavebands in C-band, in which
case ICXT can be eliminated by filter easily. However, SRS
(more precisely ICSRS in this scenario) cannot be eliminated
completely since its bandwidth covers 200 nm [10].
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ICXT-λc
BSRS-λq
BICSRS-λq
③
(b)
④
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core-j
CS-λc
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②
Fig. 2. (a) Forward-ICSRS. (b) Backward-ICSRS. (CS: classical signal;
FSRS: forward spontaneous Raman scattering; ICXT: intercore crosstalk;
FICSRS: forward intercore spontaneous Raman scattering; λc: the wavelength
of classical signal; λq : the wavelength of quantum signal.)
III. DERIVATION OF THE ICSRS EQUATIONS
To quantify the effect of ICSRS on QKD, we first model the
generation power of it. The ICSRS includes forward-ICSRS
and backward-ICSRS. When the classical signal and the
quantum signal are transmitted in the same (co-propagation)
or opposite (counter-propagation) direction, forward-ICSRS or
backward-ICSRS noise will be introduced to QKD. As shown
in Fig. 2(a), the total forward-ICSRS power is composed of
two parts, which is similar to the Rayleigh scattering [31],
[32]. The classical signal in core-i is the source signal to
generate ICSRS. It will generate forward-SRS in core-i at the
wavelength of λq . Also, it will generate ICXT in core-j at
the wavelength of λc. Then, this two parts will contribute to
ICSRS. The first one is the forward-SRS process of the ICXT,
corresponding to the process 1© in Fig. 2(a). The second one
is the ICXT process of the forward-SRS, corresponding to
the process 2©. Thus the power of the forward-ICSRS can be
represented as
PFICSRS = PICXT−FSRS + PFSRS−ICXT , (1)
where PICXT−FSRS , PFSRS−ICXT are the power generated
by process 1©, 2©, respectively.
Firstly, we will derive the power generated by process 1©.
As shown in Fig. 2(a), the SRS power in a short segment
(dz) is proportional to the source power [33], which can be
expressed as
dPICXT−FSRS(z) = ηPICXT (z)dz, (2)
where η is the Raman efficiency, dz is the length of one
segment. PICXT (z) is the power of ICXT at z which is
described by [31], [32]
PICXT (z) = P0exp(−hijz)sinh(hijz)exp(−αcz), (3)
where P0, hij and αc are the power of classical signal at the
input, power coupling coefficient between two adjacent cores
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(core-i annd core-j in Fig. 2) and the attenuation coefficient
of the classical channel in linear scale, respectively.
When the power describe in Eq. 2 is at the output of core-j,
the power will turn to
dPLICXT−FSRS(z) = dPICXT−FSRSexp[−αq(L− z)], (4)
where αq and L are the attenuation coefficient of the quantum
channel in linear scale and the length of MCF, respectively.
Thus the PICXT−FSRS is written as
PICXT−FSRS =
∫ L
0
dPLICXT−FSRS
=
ηP0exp(−αqL)
2
{exp[(αq − αc)L]− 1
αq − αc
− exp[(αq − αc − 2hij)L]− 1
αq − αc − 2hij },
(5)
Similarly, we can derive the expression of PFSRS−ICXT .
The SRS effect of a short segment (dz) in core-i can be
expressed as
dPFSRS−ICXT (z) = ηPCS(z)dz, (6)
where PCS is the power of classical signal at z and can be
expressed as [31], [32]
PCS(z) = P0exp(−hijz)cosh(hijz)exp(−αcz). (7)
Then the power will couple to core-j and transmit to the output
of MCF. Thus the power at the output can be derived as [31]
dPLFSRS−ICXT (z) =dPFSRS−ICXT (z)ICXT (z)
× exp[−αq(L− z)]
=dPFSRS−ICXT (z)tanh(hijz)
× exp[−αq(L− z)],
(8)
Thus the PFSRS−ICXT is written as
PFSRS−ICXT =
∫ L
0
dPLFSRS−ICXT
=
ηP0exp(−αqL)
2
{exp[(αq − αc)L]− 1
αq − αc
− exp[(αq − αc − 2hij)L]− 1
αq − αc − 2hij },
(9)
Eventually, the total forward-ICSRS power at z = L in
core-j can be written as
PFICSRS =PICXT−FSRS + PFSRS−ICXT
=ηP0exp(−αqL){exp[(αq − αc)L]− 1
αq − αc
− exp[(αq − αc − 2hij)L]− 1
αq − αc − 2hij }.
(10)
On the other hand, we will derive the expression of
backward-ICSRS with similar method. As shown in Fig. 2(b),
the total backward-ICSRS power is composed of two parts.
The first one is the backward-SRS process of the ICXT,
corresponding to the process 3© in Fig. 2(b). The second one
is the ICXT process of the forward-SRS, corresponding to the
process 4©. Thus the power of the backward-ICSRS can be
represented as
PBICSRS = PICXT−BSRS + PBSRS−ICXT , (11)
where PICXT−BSRS , PBSRS−ICXT are the power generated
by process 3©, 4©, respectively. The scattering power of a short
segment at the input of MCF is written as
dP 0ICXT−BSRS(z) = ηPICXT (z)exp(−αqz)dz. (12)
Then the PICXT−BSRS is expressed as
PICXT−BSRS =
∫ L
0
dP 0ICXT−BSRS
=
ηP0
2
{exp[−(αq + αc + 2hij)L]− 1
αq + αc + 2hij
− exp[−(αq + αc)L]− 1
αq + αc
}.
(13)
Similarly, the PBSRS−ICXT is expressed as
PBSRS−ICXT =
ηP0
2
{exp[−(αq + αc + 2hij)L]− 1
αq + αc + 2hij
− exp[−(αq + αc)L]− 1
αq + αc
}.
(14)
The total backward-ICSRS power at z = 0 in core-j can be
written as
PBICSRS =PICXT−BSRS + PBSRS−ICXT
=ηP0{exp[−(αq + αc + 2hij)L]− 1
αq + αc + 2hij
− exp[−(αq + αc)L]− 1
αq + αc
}.
(15)
IV. PROPERTIES OF ICSRS
We will show the properties of ICSRS described by Eqs.
10 and 15 through the simulations. Firstly, we evaluate the
impact of the attenuation coefficient on the power of ICSRS.
The results are shown in Fig. 3. In Fig. 3(a), αc is set to 0.046
km−1 (0.2 dB/km) and αq varies from 0.046 to 0.07 (about
0.3 dB/km) km−1 ,which covers most values of attenuation
coefficient in C-band. In Fig. 3(b), αq is set to 0.046 km−1
and αc varies from 0.046 to 0.07. We have to emphasize that
the attenuation coefficient is wavelength dependent and η is
also wavelength dependent. However, in order to show the
relationship between ICSRS power and attenuation coefficient
more clearly, η remains constant in the simulation. As can
be seen from Fig. 3, the power of ICSRS does not change
dramatically when the attenuation coefficient varies. Thus
attenuation coefficient is not a key parameter affecting the
power of ICSRS compared with hij , η, etc.
Then we evaluate the impact of hij on the ICSRS power
through the simulation and obtained Fig. 4. Both the power of
forward-ICSRS and that of backward-ICSRS have a approxi-
mately linear correlation with hij .
Finally, relations between the ICSRS power and the MCF
length are given in Fig. 5. The power of the forward-ICSRS
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Fig. 3. The power of classical signal is set to 0 dBm and the length of MCF
is 50 km. hij and η are set to 10−6 m−1 and 6 × 10−9 (km · nm)−1,
respectively.
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Fig. 4. The power of classical signal is set to 0 dBm and the length of MCF
is 50 km. η is set to 6× 10−9 (km · nm)−1. αc and αq are 0.22 and 0.21
dB/km
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Fig. 5. The power of classical signal is set to 0 dBm. hij and η are set to
10−6 m−1 and 6× 10−9 (km · nm)−1, respectively. αc and αq are 0.22
and 0.21 dB/km.
reaches a maximum value at a distance of Lmax (about 40 km
in Fig. 5) before it starts to decline, while that of the backward-
ICSRS saturates and does not decrease with distance. In
the case of forward-ICSRS, the accumulation of Raman-
scattered power along the fiber is eventually outstripped by the
increasing fiber attenuation, leading to a reduction of forward-
ICSRS power. In contrast, backward scatter travels back to
the input of MCF and is not subjected to higher loss with
increasing distance. Hence, the power of backward-ICSRS
never decreases but reaches saturation asymptotically.
V. IMPACT OF ICSRS ON QKD
Firstly, we will evaluate the performance of QKD co-
existing with one classical signal. The protocol used in the
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Fig. 6. The power of classical signal is set to 10 dBm. hij and η are set to
10−6 m−1 and 6× 10−9 (km · nm)−1, respectively. αc and αq are 0.22
and 0.21 dB/km. The detection efficiency of the single photon detector and
the dark count probability are 10% and 1× 10−6, respectively. The detector
effective gating width and the receiving bandwith are set to 1 ns and 100
GHz, respectively.
simulations is the BB84 protocol with decoy-state method.
The secure key rate is lower bounded by [34]
R = q{−Qµf(Eµ)H2(Eµ) +Q1[1−H2(e1)]}, (16)
where H2 is the binary Shannon entropy, q depends on the
implementation (1/2 for the BB84 protocol), f(Eµ) is the error
correction efficiency which is set to 1.15 in this paper. Qµ and
Eµ are the overall gain and the quantum bit error rate (QBER),
respectively. Q1 = Y1µe−µ and e1 = (Y0/2+edtl)/Y1 are the
gain and the error rate of a single-photon state, where µ is the
average number of photons in a single pulse, ed represents
the misalignment error, tl is the total transmissivity of the
link. Y1 = Y0 + tl is the yield of a single-photon state. Y0
is the probability of a click on the Bobs side without having
any incident photons from the transmitter. Y0 is the yield of
the vacuum state which includes the dark count of the single
photon detector and the ICSRS noise in our system. Thus, the
Y0 can be expressed as
Y0 = pdark + pICSRS (17)
where pdrak is the dark count rate of the single photon
detector, pICSRS represents the noise photon caused by the
ICSRS.
The SKRs and the QBERs of QKD in different cases are
shown in Fig. 6. The SKR is hardly affected by the ICSRS
in short distance transmission since the SKR with ICSRS is
almost the same as that without ICSRS for the transmission
distance shorter than 100 km. For longer transmission distance,
the SKR will be impaired by ICSRS, especially backward-
ICSRS. This is because the quantum signal is greatly at-
tenuated after the long-distance transmission and the ultra-
low output power of quantum signal makes it easy to be
impaired by ICSRS noise. The backward-ICSRS shows greater
impairment to QKD since forward-ICSRS decreases with the
transmission distance while backward-ICSRS reaches satu-
ration asymptotically, as shown in Fig. 5. Also, the ICSRS
will limit maximum transmission distance. The maximum
transmission distance is reduced by 10 km with forward-
ICSRS and 50 km with backward-ICSRS. From this point of
view, co-propagation in MCF for quantum signal and classical
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signal is a better coexistence method than counter-propagation
in long distance transmission.
In dense wavelength division multiplexing system, many
classical signals at different wavelengths will be transmitted
simultanously. For certain MCF, the ICSRS in one quantum
channel will be the sum of ICSRS generated from different
classical channels and can be expressed as
PICSRS =
N∑
n=1
PnFICSRS(α
n
c (λ
n
c ), α
n
q (λ
n
q ), η
n(λnc , λ
n
q ), P
n
0 )
+
M∑
m=N+1
PmBICSRS(α
m
c (λ
m
c ), α
m
q (λ
m
q ), η
m(λmc , λ
m
q ), P
m
0 ),
(18)
where superscripts n and m means the parameter describes
the n − th or m − th signal. αc(λc) and αq(λq) do not
change dramaticly with the wavelength in C-band (between
0.048 and 0.053 km−1 [33]) and the power of ICSRS will not
vary greatly with such attenuation coefficient which is shown
in Sec. IV. Thus, for the sake of simplicity, the attenuation
coefficient is assumed constant in the simulation. Then the
power of the ICSRS can be approximated as
PICSRS ≈G
N∑
n=1
ηn(λnc , λ
n
q ) · Pn0
+ F
M∑
m=N+1
ηm(λmc , λ
m
q ) · Pm0 ,
(19)
where
G =exp(−αqL){exp[(αq − αc)L]− 1
αq − αc
− exp[(αq − αc − 2hij)L]− 1
αq − αc − 2hij },
(20)
F =
exp[−(αq + αc + 2hij)L]− 1
αq + αc + 2hij
− exp[−(αq + αc)L]− 1
αq + αc
.
(21)
The feasibility of the co-existence of QKD and classical
signals over the range of metropolitan area networks (typically
20-40 km) is validated in Fig. 7. Co-existence of 16 classical
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Fig. 8. Power of SRS as a function of fiber length.
signals with equal power and one quantum signal is shown in
the simulation. The frequencies of 8 classical signals are set
lower than quantum signal while those of the other 8 classical
signals are set higher than quantum signal. The frequency of
quantum signal is 193.5 THz and the frequency spacing of
each signal is 200 GHz. Then we can get the value of η
between quantum signal and each classical signal in Fig. 1
in [10]. In order to show the potential to support QKD along
with high bandwidth data transport, the power of each classical
signal is increased in the simulation. As can be seen in Fig. 7,
the QBER and SKR remain almost constant when the power
of classical signal is not so high. Then, the SKR will decrease
with the classical signal power of 10 mw and it will decrease
dramatically when the power of classical signal increases. No
secure keys can be generated by the QKD system with the
classical signal power of about 100 mw.
VI. COMPARED WITH SRS IN SINGLE CORE FIBER
The forward-SRS generated in single core fiber can be
expressed as
PFSRS =
ηP0
αq − αc [exp(−αcL)− exp(αqL)] (22)
and the BSRS is expressed as
PBSRS =
ηP0
αq + αc
[exp(αcL)− exp(αqL)]exp(−αcL).
(23)
The power of SRS with the fiber length is plotted in Fig. 8.
Compared with the power of ICSRS in Fig. 5, the power of
SRS shows similar trend. The power of backward-SRS reaches
saturation asymptotically with the fiber length and that of
forward-SRS will decline after reaching a maximum value at
a distance of L′max (about 20 km in Fig. 8)
In short distance, the power of forward-ICSRS is higher than
that of backward-ICSRS while the power of forward-SRS is
lower than that of backward-SRS. This is because the power
of source classical signal varies differently with the distance in
MCF and single core fiber. For forward-SRS, the peak power
is at the distance of L′max which is expressed
L′max =
ln(αq/αc)
αq − αc . (24)
When the classical signal and quantum signal are in C-band,
the L′max is around 25 km. For forward-ICSRS, we obtain
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the value of Lmax through the method of traversing. The
result shows that the Lmax is between 30 and 45 km when
the classical signal and quantum signal are set in C-band and
hij varies between 10−11 and 10−6 m−1. Thus, the Lmax is
always longer than L′max.
VII. CONCLUSION
In this paper, mathematical expression for ICSRS is derived
for the first time, based on the effect of ICXT in MCF. Then
the properties of forward-ICSRS and backward-ICSRS are
studied through numerical simulations. The results show that
both the power of forward-ICSRS and that of backward-ICSRS
have approximately linear correlation with power coupling
coefficient. The power of the forward-ICSRS reaches a maxi-
mum value with the transmission distance and then it starts to
decline, while that of the backward-ICSRS saturates and does
not decrease with distance. Then the impact of ICSRS on QKD
is evaluated. It shows that both forward-ICSRS and backward-
ICSRS will reduce the maximum transmission distance of
QKD and backward-ICSRS has more impairment to QKD.
Over the range of metropolitan area networks, the quantum
signal is affected only when the power of classical signal
is very high in the dense wavelength division multiplexing
system. Finally, SRS generated in single core fiber and the
ICSRS generated in MCF are compared. It is revealed that the
power of ICSRS has similar properties with SRS. However,
the transmission distance of forward-ICSRS where it reaches
the power peak is longer than that of forward-SRS.
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